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ABSTRACT .

This study was an attempt to map the density field in a fin-flat
plate junction three-dimensionally using holographic interferometry.
This investigation has extended the density studies by Matulka [12, li[
and Jagota [3, 4] to include, for the first time, interfercmetric fringe
information obtained through a transparent model in supersonic flow. The
fringe information was then inverted by a FORTRAN computer program to
produce a plot of the density field around the model. ‘The feasibility
of the methcd was demonstrated. '

The factors which are thought to have limited the success of the ex-
periment include vibration of the model, fluctuations of the tunmel flow
and the fact that the model was somewhat too large in relation to the
size c¢f the wind tunnel test section. Schlieren photography was used to
look through and around the model and to verify that the same flow was
established as was reported by Thomas {23, 241 and Winkelmatl[ZG, 27].

The data reduction of holographic inggrferograms was, for the first
time, accomplished using photographic enlargements. This technique is
considered to be much easier and more accurats than the one used in the
previous investigations. However, the data reduction step, because of

the time and labor involved, is considered to he the rate contsolling

process of the whole analysis.
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I. INTRODUCTION

The determinatic~ of the flow field in the wing-body junction of. an
aircraft in s:personic flight presents many problems. The. typical.ap--
proach has been to measure the static pressure on the surface using
many small pressurc taps [23, 24] and to determi.ie the velocity field
ix. the junction using translatable pressure probes [18, 19, 25}} Thomas
ﬁ:.. ?&1 2ad Wizkelmann.[26, 271 used azobenzege and oil-smear tests
to «-«w ti: flow ='d aroun”’ a flat plate-fin junction. From the streak
patte - ns on . -~tate and fiu, they were able to illustrate the three--
dimerisional flow field, although in a partially speculative fashion.
This sui.:+* has attempted to map the density field in a fin-flat plate
junction thre. -dimensionally using holographic interferometry. Although
this objective was not fully achieved, the feasibility of the method has
been demonstrated.

By using a Q-switched iaser wiéh exposure times of zhout twenty mnano-
seconds, it was possible to obtain three-dimensional holographic inter-
ferograms of the density field in the fin-flat plate junction. From
holograms taken at a number of viewing angles the fringe shifts .n dif-
ferent planes could be obtained. By integrating this information using
a FORTRAN computer program, the density field zan be determined. This
technique has been previously demonstrated for the flow field of a free
jet by Matulka [12, 13] and for the supersonic flow field around a cone
at angle of attack by Jagota [3, 4] .

The tests were performed at the Naval Postgraduate School, using the

four-inch supersonic wind tunnel.
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II. EXPERIMENTAL APPARATUS

A. THE WIND TUNMEL

The investigation was conducted in the Naval Postgraduate School
blowdown-to-atmosphere supersonic wind tunnel. The test section is
four inches by four inches in ¢ross section and six inches long with
two different sets of side walls. The two-inch thick plexiglas side.
walls, which have a refraction index of 1.49,'present a complete field
of view of the flow from the »zzle throat to aft of the test sectizn
wmounting bracket (Figure 1 (a)). The second set of sidewalls used are
aluminum with high quality optical glass portholes located i.. the test
section area (Figure 1 (b)}). The interchangeable nozzle for a test
section Mach nunber of 2.8 was used for all tests. The nominal run

time is five minutes at Mach 2.8 with the maximum stagnation pressure

of about 105 pounds per square iuch.

B, THE HOLOGRAPHIC ARRANGEMENT

The holographic arrangement is illustrated in Figure 2 and shown in
photographs included as Figures 3, 4, and 5. Theauipment stand was
tested on a portion of the building floor that was vibrationally isolated.
A Konrad K-1 pulsed ruby laser with a Pockels cell Q-switching unit was
used to produce monochromatic light ¢. a wave length of 6943 Angstroms
and exposure time of twenty nano-secends. The laser cavity length was
seventy-three cm. giving a coherence length of about ten ecm. To main-
tain the laser head and output etalon at a constant temperature of 27.5

degrees centigrade, a Lauda constant temperature circulator Mcdel N was

used. This was controlled by an electronic relay type R-10 coupled with

a Culligan de-ionizer.




TEr Cra T BT LSRRI UL LUTTeID T - -
- L A R L ey o L T AT TR T

Py — s

Holograas were obtained by routing the reference beam under the

17ind tunnel and the sceme beam through the test section, and jater-

secting the two beams on the hologram plate at an intersecting. angle
of apprcximately 50 degrees. The beam sizes were controlled. by trans--
lating the concave lenses located between the beam sp.itter and holo-
gram plate in each beam (Figure 2). The Q-switched laser and optics
were aligned using a continuous wave helium-neon laser. For reference

purposes, grids were mounted on the outside tiunnel walls: and. aligned

using a surveyor's transit. The holographic stand and test. section

i
.
e el L, 200 Wi LR it s .&Y.unlt&‘59@7«}-*2!&::}11%&!.!{&.5}:‘{«?&%'Almj'“"‘

vere completely enclosed in a wooden box to enable holograms to be

taken in the daylight (Figure 6).

C. THE WIND TUNNEL MODELS

The fin-flat plate models used are shown in Figures 7 (a), (b), (c), 3

and (d). The metal portions of both models were stainless steel. The

: _ 3
center section, part of one strak., and all of the other strake of the %
ks

first model in Figure 7 (a) were made of epoxy while the center section g
ki

of the second model, Figures 7 (b) and 7 (c), was fabricated from plexi- i
glas. The flat plate grids in both models were etched into the plastic f
surface and coated with a clear plastic to achieve a smooth surface. g
The models were rotated about their sting mounts as shown in Figure é

7 (d). Alignment for the desired rotation angle was accomplished by . %
aligning prescribed lines on the sting mount collar with a scribed mark : z
on the sting stand using a surveyor's transit. % §
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III. ANALYTICAL EVALUATION OF THE DENSITY FIELD

A, THE BASIC INTERFEROMETRIC EQUATION

Interferograms are created when two coherent light beams are super-
imposed on each other and projected on a viewing screen. The light and
dark regions observed correspond to the relative phase difference be-
tween the two beams which are caused by a difference in the two optical
path lengths. Consider a coherent beam which is split and then recom-
bined on a viewing screen. A difference in optical paéh lengths of the.
two beams may be achieved in two ways in order to create an interfero-
gram. The first is to make the physical distance traveled by the two
beams different. 1In a.vacuum this path length difference is expressed
as L = Cy,8t where ¢, is the speed of light in a vacuum. The second
way is to maintain equal physical path lenzths but to have the beams
traverse through different media prior to recombining. In this case
each light beam will travel at a speed %ﬁ where n is the index of re-
fraction for the medium traversed. The optical path length difference

then becomes:

AL=1L (nz - nl) = CoAt (1)

The interference pattern or fringes observed may bc expressed as a

funccion of the optical path length difference or
AL
g » 2)
where: g = fringe shift

X = wave length of the light source

AL = change in optical path




Combining equations (1) and (2), the fringe shift is then
g =3 - ) 3

The index of refraction is known to be a function of density. Since

the speed of light is only slightly less in gases than in a vacuum, the

index of refraction could be closely approximated by the series expan-

sion [ 8]

n=1 +p.% (%)

where

ﬁ = dimensionless constant related to the Gladstone-Dale

constant by K = '6/(’5

oy

P, = reference density of 0° C, 760 mm. Hg.

The variation of with wavelength is small and has a value of

0.000292 for A = 5893 angstroms.

PPV

L

Considering a fixed difference in the index of refraction between

the two beams in Equation (3), then

8=§"‘i'( 93_%;@_,,) ()

If the density varies in a beam path, the net change in the optical path
length will be the integrated effect along the beam path or

L L
g = .é J (f -—?.)ds =Q J' £(x,y,2c)ds  (6)
-] Q

st

where

Q= ;_6)_% (6a)
-

10




£(x,y, 2o) = 535-’-‘-’6‘-’:’-9 -1 (6b)

20= a plane of constant Z
ds = incremental distance along the ray
In order to determine the density along the beam path where the fringe

shift is known from an interferogram, Equation (6) must be irrerted.

B, THE INTEGRAL INVERSION

The integral inversion technique was first reported by C. D. Mal--
donado et al in 1965 [9, 10, 11]. R.D. Matulka [12, 13] and R. c.
Jagota [3, 4] used this method to determine the density variation in
an asymmetric free jet and about a cone at angle of attack, respectively.
The technique involves representing the function, f(x,y,zg in Equation
(6) by a complete set of orthogenal functions where the unknown coecf-
ficients are evaluated using the orthogonality relationship between the
set of functions. The functions are orthogonal over the entire plane
and also have the propery of being invariant in form to any rotation of
the coordinate system. Figure 8 illustrates the coordinate system for
the inversion where x and y are the fixed laboratory coordinates and x'
and y' are the coordinates in which the fringe number function is defined.
As the view through the test section is varied the primed coordinates
are rotated with respect to the fixed coordinates x and y.

The fringe shift expressed in Equation (6) may be written as the

transform

g( ;,y ’ Zc) = f(x’Y:zc) . €))
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or, inverting the equation, the density function, £, is equal to: , 3
;

-t
£(x, ¥, %) =T g(S, vy, 2) (8)

| The density function can be expanded in the following manner using a
. m
. set of polynomial functioms, Um“ (X, AY), and unknown comples

tm
coefficients, C .. .x (&)

- " -
£(x,5.2,) = ; §,5~{C:..u“"u-.. L € (U “(-w,.‘s)] o

:

AL R e A B i A OB AT 0

e-(d‘x’** ")
: wher~ c.“a{"’z <9 } i
; 1 me\2)3, :
' ok = arbitrary scale factor "
The polynomial functions J (dx,d.y), are invariant in form to a 5
. rotation of the coordinate system [10, 12, 13]. ‘They also have a Gauss
transform which makes them adaptable to the physical situation and to
manipulating into the fcrm of Equation (7). The functions are defined as:
U::k(as,db)._.(_ﬁuq %ﬂmlﬁelim* L:‘ (4'}‘"0&:3') (10)
where $ = ém.,( g;) - "z! (10a)

L?‘ = Laguerre polynomial

| | > s 2 8 ,
| i [u::)l:,‘ ,)nsl.l{‘ DICY gL )] (10b) g

3 And the Gauss Transform of Unuzk is:

st ol bl LI SRS A RN A b BRI 50,0 18001 AN D A i P o

"t ’l gim§ y
o (AY8) a1

where H (ug)" Hermite polynomials

rm

3 me 2k

By applying the transform above to Equation (9), the fringe function in

12
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Equation (7) can be written as: 4%

inf oo -im§ YL

o(Guaney ) amlChemide To Conie THnof V6™

' {k‘ {msk)) zcm»ﬁ]yz 3

meo Kes W(mak)! 2 g

using the following orthogonality relationship on Equation (12) ’%?

N simg ping _ (*© , oy

. 3

S_ ¢ e dgj Hmnk“d)Hnozl(dH)e d‘i = g

no %

21 (mezi)] (no2s)] 2 Son Stmozmitnoatd ]

1 ‘ m g
7 vhere 3 is the kroneker delta, the expansion coefficients C menl > 3
‘ 3
can be determined by: j}

ceiomey [ sim§ 4

ot 47 El

Coaxf? = 2, ,[ (e H 90y} 8§20 H,, («yle dq'd§ D =

Ly :

Substitution of the coefficients in Equation (14) bact into Equation

(9) results in the density variation being expressed as:

f("'ﬂrzc’ (‘)‘z zﬁm[kl(m‘ok)\]t -(A'kE e’ 5‘)

msd k-o
¥
REAL[ J J s('ﬂ:g);d e_ Lm§ “Mtz(g:‘ﬂ')dﬁ.dg] UD::!R (dﬂ'ds) (15)
% So»
or by inserting Equation (10):

}("13:20‘(")22 L..lﬂ (41 !.;4‘\“) tL (A% 4" t) ,

mud Ked (M*Zk !

[B:.zf‘*) coslmp) ¢ D:. zk(d)Sm(m&)]é: Wxtea*y?) (16

ma2k{* (4,623 Castm H,, (447 dy
meek’™ jf\'[o% Wh&2ICostmDH, (42dydg  an
) 3
D:m‘ J Jg(s»g,EJSM(mS) N,mk y') dy’ 33 (18)
-
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Equations (16), (17), and (18) are the basic equations used to
calculate the density distribution from the experimentally determined

fringe variations.

C. THE NUMERICAL PROCEDURE

The form of the density distribution in Equations (16), (17), and
(18) must be modified in order to input the experimentally determined
fringe distribution. First from Figure 8 and Equation (6b) it can be
seen that it is only necessary to integrate Equations (17) and (18) over
an area where the density is changing from a known density, Qes . Out-
side of this region where there is no change in density, the function
f(x,y29 = 0, {.e. outside the test section. Also since the fringe
distribution is taken in small increments over the test area the ccef-

ficients, B and D, can be approximated as

S& Xivs
m'é:o -Z Z%( g #AS.S)X *bx.) K * (MS)AS‘S &k(p\x)dx 19)

Sed )'0
m 3'" Xiay (20)
D, 02‘:) - (§3+l.‘5. RITSH sm(mg)dgl Hoenx (4% 4%
1LY .O S ‘

The integral of § is eas11y determxned and by using the derivative for-

mula for Hermite polynomials the integral of x may be manipulated to yield

:tzk“) {um (mozxn)‘ ig_%(s *05 ,x + AKJ .

{30 )so
LsinmE, ) - snlmS; \}[Hmém g ] e
M':k‘o\). l“”“ﬁ'\#:kﬂ z i%(g ’As’ )Kl.* axy) @ 22)

[ees(mS, )- ces(mS\][Hmw} Ko = Hy ek (A5 |
In the computation of the density function from Equation (16), ob-

taining the infinite summations experimentally is not plausible or
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possible. It has been demonstrated that by using a finite number of
3 terms and by adjusting the values of AS » & x and A, it is possible
to obtain the demsity distribution with very good accuracy [3, 4, 12,

9 13]. Equation (16) then becomes:

X
;(X,‘j,'i.) b (%)‘2_ ié""(- n“['—k‘"—‘ } ("‘"X"*’*‘ﬁt) hd

Red mgo (m*ik)!

[k it Rl AR g o

(23)
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IV, EXPERIMENTAL PROCEDURE

A. LABORATORY TECHNIQUES

LSRR 10 AL e B S S

l

The analysis of a frec jet by Matulka [12, 13] illustrated how
holographic interferometry can be used to obtain a complete three dimen-
sional plot of the density within a moving transparent flow field. i
Jagota [3, 4] in his study of a cone at angle of attack in supersonic
flow went one step further by introducing an opaque object into an

assumed steady state flow field and describing the density field three-

dimensionally.

This investigation has attempted to determine the three-dimensional

density field around a transparent object in a supersonic flow field by

passing a light beam through the object. Spz2cifically the interest was

g T 2 o S ey WEL B e N e e . . .
T S N A Rl N IR TR ek s i i

to describe the flow field existing in the junction of a fin-root inter-

section.

1. Model Considerations

In order to obtain unifr.m flow around the fin-root area, a model

of the form shown in Figure 9 was selected. The flat plate has a knife

15
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edge and is intended to remain at zero degrees angle of attack so as
to establish the flow conditions illustrated. The fin edges were made
circular in order to approach flow conditions similar' to those estab--
1ished in Winkelmann's [26, 27] investigation. Plastic and metal strakes
were added on the model sides so as to maintain two-dimensional. flow as:
well as to add strength to the flat plate. In the first model constructed
(Figure 7(a)), maximum visibility of the plastic fin-flat. plate center
section was achieved by bolting the leading edge and aft plate together
through the plastic center section. Due to model flexure, this design
was found to be unsuitable and the second model in Figures 7(b) and 7(c)
was constructed. The model was made from a single piece of stainless
steel. The model rigidity was satisfactory but unfortunately the strength-
ening borders around the plastic center section reduced the holographic
visibility somewhat.

Since the wind tunnel blocks were fixed, it was possible to make
multiple test runs with the same flow conditions over the model provided
supersonic flow had been established over the model.

2. Holographic Techniques

In order to obtain holographic interferograms it was necessary to
ensure that the cptical path lengths of the scene and reference beams
remained approximately equal. Since the ruby laser is believed to have
a coherency length of approximately ten centimeters, the gquality of
lengths is far less critical than fa the classical Mach-Zehner inter-
ferometric approach. Cornsequently a string was used in the experiment
to trace the reference beam and then adjust the scene beam. This method
kept the two beam lengths within one centimeter of each other. Since the

scenr beam traversed approximately 4.5 inches of plastic tunnel walls and
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grids which the reference beam did not, it was necessary to compensate

by making the scene beam physically 2.25 inches shorter than the re--

ference beam. The reference beam varied in length from 61 inches to

68 inches during the experimentation.
To determine the fd nge/density field, finite fringe interfero--

grams were made by three different techniques. In the direct fin-root

flow approach the diffuser plate was part of the model. Either the

mirror, MS, in Figure 2 or the hologram plate holder was translated be-

tween the no-flow exposure and the flow-established exposure. In the

total model flow method the diffuser plate was located between scene

7 beam lens, L3, and the test section (See Figure 2) and it was translated

horizontally or vertically. Translations were varied from .00l inches

to .006 inches with the translation distance of .003 inches yielding the

best fringe separation.
Most of the holograms taken using basically the holographic ar-

rangement shown in Figure 2 gave well-defined fringe patterns. In order

to improve upon the fringe definition, a variety of techniques was at-
tempted. The transverse mode selector was varied from 1.0 mm. to 2.5 mm.
in increments of 0.5 mm. to determine the best lighting of the model.
Ihe hologram plate holder was rotated horizontally to various positions.
These positions varied between being perpendicular to the scene beam to

being perpendicular to the bisection of the angle between the scene and

reference beams. Polarization plates were added in both the scene and

reference beams between the test section and hologram plate iu the scene

beam and between the last mirror, M;, and the hologram plate‘in the re-

ference beam. A one-ruarter wave plate was also placed between the first

lens, L;, and the be.m splitter as recommended by Okayama and Emori (14].
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The holograms were taken using 4" x 5" Agfa-Gavaert 8E-75. holo-

gram plates. The developing process involved:

1 1, Five minutes in Kodak D-19 developer

3 2. Thirty seconds in an acetic acid stop bath
3. Five minutes in standard fixer

3 4. Five minutes in a flowing water bath

5. One minute emersion in Kodak Photo Flo wetting agent

6. Drying using blowing cool air

R

a. Direct Fin~Root Flow Method
Since the flow field in the fin-root junction is assumed to
be identical oa either side of the fin, then it is only necessary to

determine the density on one side of the fin. To accomplish this it is

necessary tc obtain holograms for 180° of view as shown in Figure 10.
The holograms for the views from 0° to 90° can be obtained by using a
frosted fin and flat plate as shown in Figure 11. The advantage of
having the frosted plate as part of the model is that the fringe/density
information obtained by the interferogram is believed to be only for the

area between the fin-root intersection to the tunnel wall vice the whole

test section, but this was not verified. In order to obtain the fringe

information for angles greater than 90° but less than 180° the fin

AN e i 52

would be exchanged for one containing a stainless steel reflective sur-

face. The scene beam would then enter the test area from the viewing

et P v

port below the tunnel and be reflected to the hologram plate as shown i

in Figure 12,
b. Total Model Flow Method

" In this method the diffuser plate was located in the scene

beam outside the test section as shown in Figure 14 and the flat plate
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center section and fin were made of optically clear plexiglas. By
translating the diffuser plate between exposures of the hologram, an
interferogram of the whole dersity field in the test section about the
model was obtained. From Figure 13 it can be seen that due to symmetry
only 90° of view was required to obtain the density field. This makes
it much rasier experimentally to take the holograms than the previous
method described.

3. Schlicren Analysis

A standard Schlieren knife-edge system was used to verify the
establishment of the supersonic flow network around the model as shown
in Figure 9. Photographs were also taken of the flow with the model at

0% and 90° rotation in order to compare the fin shock conditions with

those obtained by Winkelmann [26, 27].

B. PHOTOGRAPHIC TECHNIQUES

By illuminating the holograms with a helium-néon laser beam which
has a wave length of 6328 Angstroms, the original scene was reconstructed.
Since the original scene beam and the reconstructed beam wéce of different
wave lengths, there is actually a small distortion in the reconstructed
scene but of neglectable effect because the hologram plate emulsion in
the development process also shrinks.,

The typical method for reconstructing the scene is to illuminate the
hologram as illustrated iIn Figure 15. The diéfuse glass used in the con-
struction of the hologram appears to act as an infinite 1ight source of
non-parallel rays which illuminates the scene. If a small aperture is
positioned at the focal plane of the imaging lense, an almost parallel

set of rays may then be selected as shown in Figure 16. A third method
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illustrated in Figure 17 uses a small diameter conjugate beam to illu-

minate the hologram. A large depth of field is achieved because the

narrow beam acts as an aperture. This effect was of considerable ad- 3

vantage since it enabled both the front and rear grids, the model, and

the fringe patterns to be simultaneously projected on the screen. The

T TR

best photographs were obtained by focusing on the plane of the fringes.

C. DATA REDUCTION
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Photographic interferograms were nbtained by illuminating the holo-

N R

k gram scene with a thin laser beam and using a camera with a viewing screen

- located in the film plane as shown in Figure 15. The line of sight in

BN AR

the plane desired was achieved by translating the hologram until common
points on the front and rear grids were aligned. The camera, with the
aperture set wide open at 7.7, was then adjusted to give the best. focus
f on the fringe plane. The best photographic results were achieved by
using an exposure time of 1/10 second with Polaroid Type 55 P/N film.

It was felt that the density f£ield could be well defined three-di-
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mensionally along the fin if the demsity fields were determined in four

Avfs

;2 planes perpendicular to the Z-axis andejually spaced along the fin as

¥ s

shown in Figure 18. In obtaining the fringe data across a constant Z-

NI P

plane it would be necessary to take six photographs per rotation angle, i 4

R A

e aligned at appropriate intervals down the y' axis, and then graphically

PRIt Ty

mate the fringe data to form one complete set. The six photos across the

radPl

field were felt necessary because the optical path length from the model

1
o P

to the hologram plate varied for those points not on the aligned plane.
The fringe shift reduction was accomplished using two different tech-

niques. The first was to project the negative, using a photo enlarger,

20
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onto & sheet of paper and vrace ouv. the fringe pattern, model surfaces
and grid lines. The lighé frinzes were traced out since it was much
easier to judge their center line. From the fringe lines forward of
the fin in the region of uniform flow one fringe line which appeared

the straightest and compatible with mout others was selected as the

bench mark. A straight line was then drawn over that fringe and extended

past the aligned 2 plane (i.e. y' axis). Lines parallel to the bench
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mark line werc then drawn likewise over the remaining “cinge lines. The
fringe displacements were then read relative to the lines drawn at the

points of intersection of the fringes with the y' axis. The radius of
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the inversion circle was selected so that the fin-root intersection was
the origin and the fin'tip was the 100 percent point.
In the second technique an enlarged positive photograph was made

from the negative. Again one fringe line in the uniform flow region
. just forward of the fin which appeared to be parallel with the majority
of the fringes was selected as the berch mark. The remaining fringes
were likewise traced over with lines parallel to the first. The fringe
displacements were then measured relative to the lines drawn. For fur-
ther details see Appendix A.

The locations at which reference lines crossed the y' axis in both
techniques above were further adjusted to account for the tunnel wall
refraction displacement as shown in Figure 19 and computed by a computer
program in Appendix B. Once these corrections were made, the radial
variation of the fringe number could then be plotted for the various y'
alignr=~t planes and a smooth curve drawn through the data p&ints. The
fringe number at 201 equidistant points across the field can then be

obtained for input into the computer program, HOLOFER, in MODE 3., For
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further details on how to use the computer program, HOLOFER, see Appen-~-

3 1
dix C. Once the data from all the rotation angles of the model have fi

E been put into the computer program, the program will then calculate the g
g density field across the inversion circle for that Z-plane. After. the g
) density has beer :alculated for all four Z-planes in Figure 18, a three- %
dimensional plot of the density field can be made by connecting points | %

of equal density across the fin, | %

n
3 V. EXPERIMENTAL RESULTS AND DISCUSSION E é
: ine initial attempts to establish uniform flow over the £flat plate | %
shown in Figure 7(a) were unsuccessful due to model vibrat on and flexure.. é

Movement of the model éting witkin its holder and flexure of the model ;

) 8 plastic center section allowed the model leading edge to establish a lit- ;

tle over 19 angle of attack upward when flow was established. Due to

g

) ;‘ various modifications made in attempts to eliminate the vibration, the

sting finally fractured.

In an attempt to 2liminate these problems, the second model shown in
Figures 7(b) and 7(c) was made of a single piece of stainless steel and
the sting was mated to its holder to within .00l inches. The model center
section was made of poured epoxy and the strakes were both made of stain-
less steel with plexiglas inserts. The model rotation about the sting
was reduced to approximately 0.3° angle of attack upward. Due to the
vibration in passing through the transonic range and i weak glue seal

between the metal strakes and plexiglas inserts, the inserts were found
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to break loose. They were subsequently removed and not replaced.

In order to determine the flow field using the direct fin~root approach,

the epoxy fin and model center section were frosted on one side using fine
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emery paper (see Figure 20). Holograms were taken of the model at ro-
tation angles of 0%, 12°, 45° and 90° using the holographic arrangement

N in Figure 2 excluding the diffusey plate between lens, L3, and the test
secticn. The mirror, MS, was translated in varjous directions from to-
wards to parallel to the test section between the exposures without flow
and with flow establishad. Fringe patterns were obtained around the
model, but only at 0° and 12° rotation could any fringe patternc be ob-
served across the fin. It was found that the fin fringe pattern appeared

to remain almost unchanged no matter how or how much the mirror, MS’ was

translated while the fringe around the model changed appropriately. For

instance, in Figure 21 the mirror was not translated and in Figure 22 the

mirror was translated .006 inches horizontally parallel to the tunnel.
Since fringes could not be observed across the flat plate at 45° and

Qd),it was felt that the epogy center section might be too imperfect

optically. Consequently double-exposed holograms were taken with no

flow through the test section and various translation distances from 0

to .005 inches. The fringe patterns were excellent across the whole

model and their spacing decreased according to the increase in the trans-

lation of M5. Next the diffuser vlate in the scene beam in Figure 2 was
inserted with the model at 0° rotation angle and translated between no

flow and flow exposures of the hologram. The fringes about the model

were of excellent quality but the double diffusion of the scene beam

through the model caused all fringe patterns on the model (fin) to
disappear.

It was felt at this point that the fringe pattern obtained across the
' fin was caused by the movement of the model to an angle of attack and

possibly by model vibration, although none was observed visually. The
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lack of any fringes across the flat plate center section is not well
understood but is believed to be caused by vibration of the model.

Since it was not possible to obtain acceptable interferograms with
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. the diffuser plate.as part of the model due to model motion, it was felt
that the effect of minor model movements could be eliminated by using
" an cptically clear model and an external translating 4iffuser plate.
Therefore the fin and model center sections were replaced with optically
clear plexiglas. With these changes it was found that the flat-plate
leading~edge angle of attack had been reduced %o approximately 0.1°,

Initially double-exposure holograms were taken using the arrangement

el b AN TN & A 1 8 2 Y R BT w2

in Figure 2 and translating the diffuser horizontally. At 0° model ro-

tation the holographic interferograms were excellent. But as cbserved

in Figure 23 it would be extremely difficult to .determine the fringe

change across the fin since no free stream reference fringes were avail-

RN R B, e i

able, due to the flat plate leading edge Prandtl-Meyer expansion and fin

shock intersecting the tunnel top just above the fin. With a larger tun-

AR, et eban

nel or smaller model this would be an excellent technique. -
The diffuser plate was then translated vertically between exposures
and excellent horizontal fringe patterns were obtained as shown in Figure

24, The model was then rotated to 22%o and the same holographic technique

was used. Excellent fringe patterns ware obtained above and below the
flat plate center section. Fringe patterns across the flat plate center

section and fin in this area were very light and usable interferograms

O g e L S M B Vs o S X o i L

could not be photographed with the polaroid camera. In an attempt to
improve on the fringe quality, polarizer plates were inserted in the
reference beam between the mirror, M4, and the hologram plate and ia the

scene beam between the lens, L3, and the diffuser plate in order to ensure

24
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polarization of both beams. No significant improvement could be noticed
end they were subsequently removed. A one-quarter wave polarizer plate
was then placed befween the lens, L; and the beam splitter in order to
utilize circularly polarized light for the reference and scene beams.

Ckayama and Emori [14] found that their image resolution improved con--

siderably; however, with this particular arrangement little to no improve--

ment in the fringe resolution was observed and the approach was abandoned.

The transverse mode 3selector was then varied from 2.0 mm. to 1.5 mm.
and later to 1.0 mm. in an effort to improve the coherency length of the
laser light and consequently the image resolution. Due to the decrease
in output light intensity, up to six exposures were taken during a run
with flow established. Image and fringe definition were not found to
increase possibly due to model vibration which was not visible to the eye.

The model was rotated to 45° and 67%° and double’exposure holograms
were taken with a 2:5 mm. transverse mode selector. There were no ob-
gervable fringe patterns in any portion of the test section. Consequently
it was believed that supersonic flow was not established due tc¢ tunnel
blockage caused by the shock wave from the model and by slight model
vibrations in passing through the transonic range. In the transition to
supersonic flow, the model leading edge would sometimes flex as much as
0.2° depending upon the transition time.

The test section walls were changed from the total plexiglas side walls
shown in Figure 1(a) to the aluminum walls with the optical quality glass
port holes (Figure 1(b)). The better quality glass would hopefully im-
prove the viewing and the port holes mad; the model much more accessible.
The metal strakes were also removed from the model since they appeared

to have a minimal effect on the flow, were an interference optically,

25

It k2 v . " "
n:;;:mgr%%m ¥ Wléu‘j' s "‘m Emﬁ%h‘wﬁHuﬁwl&m%wﬂgjﬁmmw&uwms..u‘-.ﬂ.wm..u“,.,um.dumm R TP T

3
:
E
3
e

ke s 2 ek

Lttt i

L

i EEN R tebhesin s s

Lo

L

ey

5t 2t s T 0 1 Rl R Al S0 8 K S 5 . e S St 14



THIS
PAGE
IS
MISSING
IN

ORIGINAL-

T.YANTITY

DOCU Lvimm j



P nb e T e A A

I - g T TR T TORE T KR IR AT A
. _ - e T I B . o o o 2ot A SRR S s Sl SO Shabigd %

T EETR A T S AT AT ST DS PAIT SAERR S
it ance, 2y Supciige et Do FAG LTI AR AT W R =
3 A =T -

L T vea—
3

flow was established. The plate leading edge shock and fin shock
appeared quite fuzzy and light. Due to oil from the tunnel supply reser-

voir mixing in the flow, a light oil smear pattern can be observed across

i e T

the fin in Figure 26. During one run, which could not be duplicated, the

model pitched up as flow was established but did not vibrate. The plate
sho.k and Prandtl-Meyer waves, fin shock system, and tunnel Mach lines

became very distinct and well defined as seen in Figure 27. The schematic

of the Schlieren photographs in Figure 28 points out the cause for the

various flow lines observed. The non-uniformity of the free stream caused

-
o
.
o

by tunnel leakage can be easily seen. Consequently the experimental work

was discontinued due to tunnel conditions and time considerations.

It was felt at this point that if the holographic interferogram taken

of the clear plexiglas fin at 0° rotation angle could be reduced to use-
ful data for the computer program then the holographic method would be

to a certain extent verified even though the actual density field could

not yet be determined.

In obtaining interferograms from the hologram, the reconstruction

sttt kot st Gk

technique shown in Figure 15 was used. The plane of constant Z across

oo ot

the model to be reduced was chosen to be the forward most vertical grid

X

line crossing the fin. It should be pointed out that in order to simplify
the hologram alignment process, all four reduction planes across the model ;;
should have been scribed on the exterior grids. The thrce photographic

points across the Z plane on the y' axis were, for ccnvenience, chosen

to be where horizontal exterior grid lines crossed the y' axis on the fin.

¥ive interferogram photographs were taken at points A, B, and C as shown

iy Ll o g 3o e dak

in Figure 29. Photographs 2 and 5 were taken using a Kodak Wratten Gelatin

Filter N.D, 2.0 placed in the reconstruction beam in order to reduce the

27
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beam intensity and increase the fringe definition. These two photo-
graphs were also used to provide a check on the consistency of the re-
duction process.

All five negatives were blown up on the photo enlarger in the dark
room and the plate, fin, grid lines and fringes were traced out on a
sheet of white paper as shown in Figures 30-34. It was very difficult
to trace the fringes in the region of the fin tip and fin root due to
the photographic resolution and the fin tip shadow. Also fringes were
not visible in the region of the fin leading edge shock. Consequently,
connecting the fringe in front of the fin to the correct fringe on the
fin was a best guess effort. Typical of the problem was that fringe
lines in two of the drawings were initially improperly connected across
the fin leading edge shock. After being checked against the photograph
negatives,the fringes were reconnected and the data taken correlated
well with the datz from other drawings. The fringes in the fin root
area were extremely light in some photographs which made it quite dif-
ficult to determine their centerline crossing the y' axis.. Ancther
point of difficulty was determing the location of the top and bottom

of the fin. An error in drawing here will have an effect later when

the fringe locations are normalized with respect to the fin height.

Enlarged positives were then made from the negatives as shown in
Figures 35-39 to see if the data accuracy could be improved by eliminating
the difficulties of tracing the fringes in the dark room. This method
also made it possible usually to reassess the assumed path of the fringe
lines at a later time if the data did no appear to correlate properly.

The same problems of locating the fringe lines in the region of the fin

tip and of connecting the fringe lines across the f£in shock are recadily

apparent in the figures.
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To obtain the fringe change across the fin one of the straightest

I
P TR éti,.w‘z‘m—«i -
N S, rcians \,.-.‘._.".«"‘. a3 =

fringes in the free stream region which paralleled the majority of

2 N

other free stream fringes was selected. A straight line was drawn
through its centerline and extended to cross the y' axis. The other

free stream reference lines were then drawn parallel to the first and

adjusted co as to best follow the centerline of the selected fringe.
This method actually averages the free stream conditions and is only

valid if the free stream is essentially uniform. Sinceit was not pos--

sible to obtain in the photographs the free stream fringe pattern for-
ward of the leading edge Prandtl-Meyer expansion for the lower fin region,
the fringe reference lines in photo enlargements were drawn over the
fringes just prior to ihe fin shock. In order to adjust them to free
stream conditions their location was moved downward a distance + al to
1.1 times the averagn fringe interval for that photograph. The figure 1.1

- was observed in all the enlarged photographs to be the approximate fringe
change across the Prandtl-Meyer expansion. In the drawings (Figures 30-34),
fringe reference lines for the lower fringes (generzlly y'4 .8) were

initially aligned along the straightest portion of the fringe prior to

intercepting the fin shock. By comparing the reference line location on

the drawing with the fringe pattern in the photographic enlargements the
reference line location and fringe change were adjusted by an appropriate
portion or all of the 1.1 fringe change caused by the Prandtl-Meyer ex-

pansion. All of the reference lines were then corrected for the tunnel

: . wall and grid plastic parrallax shown in Figvre 19 and computed in Appen-

dix B. The reference fringe locations were then normalized with respect

A En Lot s wo'a

-
‘
2

tn the wing height and the fringe numbers calculated by dividing the

fringe change by the average fringe interval. For further details and

e RV

calculations see Appendix A.
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The data obtained for alignment points A and C by the two different

T

reduction processes are plotted ia Figures 40-43. The data obtained

AL A

from the photo enlargements aligned at point C and shown in Figure 43

gave the best data agreement between two photographs. The worst data

i

agreement was obtained from the reduction of the drawings aiigned .t the
same point. The inconsistency in the data was probably caused by con--

necting the wrong fringe lines across the fin leading edge shock. The

AL R B LB AT s 20 g

data fluctuations and discrepencies between the curves in the figures

T ot S ¢

F could have been caused by a number of things. T¢ could have bezn caused, :

A plulyry

for instance, by not drawing the fringe reference line parallel to or

exactly on the free stream fringe center line or slightly missing the

b S

% fringe center as it crosses the y' axis or by misconnecting fringe lines

across the fin shock as was illustrated in Figure 42 Fringe location

e R 8T8 g b

errors could be caused by misdrawing the fin tip and root lines as was
mentioned earlier. Arother contributer would be mecasurement errors.

To analyze these sources for error, first consider that the typical
fin size in the drawings and photo enlargements averaged about 2.5 inches
high and 2.75 inches wide and that the fringe spacing averaged about
0.10 inches. All measurements were taken using a ruler graduated in
0.01 inches and readings were made to the nezrest .005 inches. Since the
average difference between the data points and curves ran arcund % fringe,
some figures were calculated to determine what measurement errors could
produce this fringe error. It was found that an error of .025 inches iu
alignment of the fringe reference line with the free stream fringe center
line and/or fringe center line crossing the y' axis could produce % fringe
error. This fringe error will also occur i1 the fringe reference line

differs from the free stream center line by more than 1.4° when drawn 1

inch from the y' axis or by more than 0.36° when drawn 4 inches from the
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y' axis. A difference of .0l inches in the average fringe interval
could also produce a %-fringe error; however, this is not too likely
since it is an average of fifteen tc twenty-five intervals. By com--
paring the actual height-to-width ratio with those found in all. the
drawings and photo enlargements it was found that average error was
around 2% or a distance of .02 on the y'-axis.

In order to compare the interferogram negative quality and the two
different reduction techniques, a plot of the data for each negative was
made as shown in Figures 44-48. Photographs 1 and 3 in Figures 44 and
46 gave the smoothest curves indicating the highest interferogram re-
solution. Photograph 5 (Figure 48) gave the worst dispersion indicating
poor interfarogram resolution; yet looking at the enlargement in Figure
39, the fringe line contrast is very good. In comparing Figures 40-48
it appears that the reduction technique using the photographic enlarge-
ments gave the most consistent data. This technique also provides a
much easier and faster recheck on the proper tracing of fringe lines
because it is extremely difficult and tedious to duplicate the fringe
pattern to the same scale over the drawings using the photo-enlarger in
the dark room.

All the data obtained by either method for one alignment point were
then plotted in Figures 49 and 50 in order to observe the dispersion.

A fringe number dispersion of about 0.6 fringes was observed in th=z data
taken from the negatives aligned at point A and a dispersion of about
0.8 fringes for the data about point C. The dispersion is attributable
t> the inaccuracies in the drawings, to the photographic quality of the
interferograms, and to the inaccuracies in correcting the lower fringe

reference lines to frece stream conditions. The last point is based upon

the increased dispersion betwecen the fin tip and fin root data.
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Figures 51 and 52 show an integrated curve of the fringe change across
the wing as determined by each reduction method. Im gonstructing the
curve, the data from the three aligned point: was plotted so as to just
overlap each other. These two curves were then compared in Figure 53.
The maximum variation in the fringe number is about. % a fringe but the
variaticns in the location of the fringe maximums and minimums average
about 0.1 inches on the fin. The location difference is probably duc to
improper drawing of the fringe reference line; compounded with not being
able to measure éhe wing height accurately. Due to the inaccuracies
introduced in tracing the negative and then reducing the data it is felt
that the photo enlargement method is the more accurate reduction method.

With fringe data from orly one field of view, the Jdensity field, ob-
viously, could not be obtained. It was felt useful to consider the
flow field axisymmetric in order to exercise the computer program and to
provide a check on the program's ability to handle these particular curve
shapes. Fringe data at 101 equidistant points across the fin from
0£Y'€ 1.0 was obtained from Figure 53 for both curves and fed in HOLOFER
in Mode 3 for the axisymmetric case. For further details on HOLOFER see
Appendix C. The scale factor, & , in Equation 9 was then varied from 0.2
to 2.5 and a value to 1.0 was determined to yield the most accurate den-
sity solutions. This value was verified by feeding the function data,

( Sﬁh, -1), calculated by Mode 3 back into the program in Mode 1 and

comparing the fringe data calculated with the original fringe data obtained

from Figure 53.
The density distribution for both the drawing and photographic reduc--
tion cases is plotted in Figure 54. The density as Y' approaches zero

actually goes as ithe diawn lines even though the points indicate a dip.
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- Matulka [ 12, 13] pointed out that the computer program accuracy does i ’,f
< » i
- not converge at the origin. The large variations of the density curves g y
. i :
f . at values of Y') 0.8 are caused by the program trying to adapt to a step { %
E i E
i or shock wave type function at Y' = 1.0. If the remainder of the fringe § 3
3 - N ':‘f
1 A

data in Figure 53 for values of Y' D 1.0 had been included as input data

s

s,

the density curves would have sc.oothed out. This shock wave step function

- st rB 5,
st e s AT

effect was demonstrated and analyzed by Matulka [12, 1@].

AT o e g
C e ey

The low values of density for the photographic data curve around

Y' = 0.38 were uﬁexpected but not surprising. First, the photographic
fringe data curve is more extreme than the drawing fringe data curve and

second, the density curves are not true values anyway since the field

T,
PER RTINS WPy AP SR LY

was considered axisymmetric and this is not the case in reality.

In general the density curves are felt to be reasonable under the 2

assumed conditions. Consequently it is belicved that the computer pro-

gram could very easily and accurately handle a complete analysis of the
flow field around the fin-flat plate.

In completing the analysis there are some data reduction problems
which would have been encountered in reducing the interferograms at
other model rotation angles which merit discussion. With no model ro-
tation, adjusting the fringe reference lines clecse to the fin root to
account for the leading edge Prandtl-Meyer expansion was relatively easy.
However, when the model is rotated, the fringe shift across the Prandtl-

Meyer expansion can no longer be considered a constant and it will be

s OO s AN AP LI L mmd Wit o

very difficult to adjust the fringe lines at lower values of Y' to free

FeIT)

G e v s s b st e
R cmarss

stream conditions. Tue best solution would be to increase the scene
beam diameter and/or reduce the model size in order to photograph the

free stream fringe lines forward of the plate leading edge. The free
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stream lines could be connected to the appropriate fringe lines forward

of the fin and this would eliminate the numerical correction and increase
the fringe data accuracy.

Also at the rotated angles, fringe information will not be available
for portions of the reduction plane due to shadows cast by the model
sides as shown in Figure 55. In the lower portion of the hologram the
fringe curve can be connected with a smooth line because the density
field in that portion should be essentially constant. .Care must be taken
in completing the curve, though, since this information will be used in
the integration of other rotation angles. The fringe curve in the upper
portion must also be completed carefully but should be easier since the
shadow will be smaller. For this particular model it was calculated
that for angles greater than 46.6° the upper shadow would not penetrate
the f;n.

There are two more problems to be coped with which do not have ap-
parent solutions at this time. The first has to do with the superimposing
of fringe information from different locations onto one scene beam line
as illustrated in Figure 56. 1In case I the superimposing of the fringe
change in Region A onte that in Region C and locating the fringe refer-
ence line at pdnt C' is tolerable because the density field in Region A
should be fairly constant and uniform. However in case II where the
fringe change in all three regions are superimposed and located at point C",
the answer is not readily apparent. If the plate and fin were of equal
thicknesses then points A" and C" would be the same and the error would
be somewhat reduced. If, in addition, the thicknesses were made as thin
as structurally possible, the error would be reduced to a minimum. Also
it might be possible to integrate the model geometry into the computer pro-

gram but this has not been attempted.
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With the model at rotation angles between 0° and 90° scene beam de--

fraction at the fin root and tip areas would also present.problems as

geen in Figure 57. A minimization of the problem could again be achieved.

. by minimizing the fin and plate thicknesses.

VI. CONCLUSIONS AND RECOMMENDATIONS

The investigation, although not totally successful, has demonstrated
the feasibility 9f using holographic interfer;metry to determine the
flow field around a transparent model by looking through the model. The
problems of model vibration and movement, of superimposing different
fringe information on one beam, and of scene beam divergence through the
f£in root and tip regions must still be solved. The model vibrations and
rotation to an angle of attack are attributable to the tunnel pressure

fluctuations caused by tunnel leaks and to possible movement of the sting

holder. It is felt that all three problems could be decreased to neglect-

able effects by reducing the overall model size and by incorporating the
model geometry into the computer program.

The basic holographic arrangement was found to work quite.well for
this type of experiment. The holograms were generally high quality
except when unfavorable tumnel flow conditions existed. The use of
circularly polarized light recommended by Okayama and Emori ‘14] did not
increase the hologram resolution appreciably but the method merits fur-
ther considerations because of their excellent results.

The data reduction process was found to be the rate-controlling step
in the investigation due to the time and labor involved. Reducing the

data from enlarged photographs of the interferogram saved some time and

appeared to increase the data accuracy. The data scatter of + 1/8 fringe
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. was considered acceptable considering the fringe resolution in the holo--
grams. It was felt that this could be reduced by using either a larger
tunnel or a smaller model. With either of the changes it would be pos-
sible either to use the free stream fringe pattern forward of the model
as the reference conditions across the whole model or to use a vertical
fringe pattern, since the leading edg2 Prandtl-Meyer expansiom and fin
shock would not block out the free stream fringes above the fin. It
appears that the use of vertical fringes would also considerably reduce
the data reduction time.

With the use of Schlieren the flow network described by both Thomas
{23, 24] and Winkelmann [26, 27] was verified to exist. From the top
view (90° model rotation) the fin shock and its fluctuations were ob-
served and photographed through the flat plate plastic center section.
The computer program, HOLOFER, was found to be quite capable of
E ) handling the type of flow field fringe data which would be generated in

a complete analysis of this type. As pointed out before it is believed

that the program should be modified to incorporate the model geometry.
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APPENDIX A

REDUCTION OF AN INTERFEROGRAM TO OBTAIN FRINGE SHIFT DATA

The fringe shift reduction process was accomplished using two tech-
niques. The first involved projecting the interferogram negative oato
a sheet of vhite paper using a photo-enlarger. The light fringes offered
the best contrast and were therefore traced out in Figures 30-34. In
each drawing it was necessary to begin tracing the fringes above the fin
and work towards the fin root since the transition across the fin cip
determined the correct connection of the fringes across the fin leading
edge shock. In order to determine the fringe change, one fringe line
in the free stream region forward of the fin which appeared the straight-
est and paralleled the majority of other fringe lines was selected. A
straight line, called the fringe reference line, was drawn over its
centerline and extended to cross the y' axis. The remaining reference
lines were then drawn parallel to the first and along the centerlines
of the remaining free stream fringes. In reducing the drawings it was
not realized until later that the free stream fringe patterns befere and
after the plate leading edge Prandtl-Meyer expansion differed consider-
ably. This effect was taken into account later.

A ruler scaled to 0.01 inches was then placed along the y' axis and
the distances of the fringes and refcrence lines above and below the
aligned y' plane were then recorded in Table I for Photograph 4. The fin
width and length vere then measured and the average values were recorded.
The average fringe interval was determined by measuring the distance be-
tween the first and last fringes used and dividing by the rnumber of inter-

vals. The fringe change was found by subtracting the fringe crossing
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point. The fringe number was calculated by dividing the change by the
average fringe interval. The reference line location was then normalized
with respect to the measured fin height. Since the actual fin height
was very close to cne inch, the above number was considered to be the
number of inches.above or below the aligned plane. Thus the table com-
puting the tunnel wall and grid refraction displacements in Appendix B
could be entered to determine the actual reference line location with
respect to the aligned plane of the drawing (see Figure 29). The loca-
tions were then converted to the y' axis system by .Ading the normalized
location of the aligned plane. After realizing that not all the refer-
ence lines were referenced to the free stream density forward of the
plate leading edge, the enlarged photographs (Figures 35-39) were checked
against the drawings. It was found that the Prandtl-Meyer expansion
caused a fringe num ber change of approximately 1.1, Consequently each
reference line in the drawing was compared with the enlarged photograph
and an appropriate percentage of the 1.1 fringe number was used as a
correction (see Table I). The calculated fringe numbers had the cor-
rection fringe number added to them while the y' locations were corrected
by

(1.1 Fringe no.) x (Fringe Interval)
L ]
y'corr = y'orig - (Fin Height) (A-1)

The second reduction technique was to usc enlarged photographs made
from the interferogram negatives to obtain the fringe change. The fringe
lines were first traced over lightly with a pencil and then verified
against the other photographs to ensure correct tracing. A datum fringe
reference line was chosen as before and drawn. The remaining reference

lines for the upper free stream fringe lines forward of the Prandtl-Meyer

expansion were then drawn parallel to the datum, When {t became impossible
99
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to use fringe lines forward of the expansion, the reference lines were
then drawn along the centerline of the fringes between the expansion
and the fin. The same ruler was used to obtain the fringe crossing
points, the reference crossing points, fin measurements, and the average

fringe interval and they were recorded in Table 2. The reference line

crossing points were then corrected to free stream conditions, using a 1.1

Fringe number correction for those referenced to the pattern between the
expansion and fin leading edge. The fringe number and reference fin
locations were calculated as before. This method was considered more
accurate because the reference lines and fringe lines could easily be
rechecked for accuracy and corrected in the event that a fringe line

was traced incorrectly or a reference line was misaligned. The accuracy
was directly proportional to the hologram resolution which was not true
for tr drawings since the reference lines are Geavn parallel to hancd-

dvawn fringe lines. -
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APPENDIX B

Y

CALCULATION OF TUNNEL WALL AND GRID PLASTIC REFRACTION CORRECTION

In the interferogram photographs used to obtain the fringe change,

R T R e s Y

every point off the alignment axis will be slightly distorted due to the
plastic tunnel wall and grid. This effect is illustrated in Figure 19.

From Snells Law of Refraction, the angles of incidence and refraction are
related by

sinek = n sinp (5-1)
where n is the index of refraction between plastic and air. Then can be
written

-1 sin &
B =ota (nf @-2)

Since the tunnel wall and grid have the same irdex of refraction, they

- can be considered on material with thickness t = ab in Figure 19. Then

consider ctie height bd which can be written

bd = t tank (8-3)

The beam displacement, Ay, is then

AY =bd - bc =t tand - t tanﬁ (B-4)
but tan X is ’
tank = Y1 cerved (B-5)
L

Combining Equation (B-2), (B-4), and (B-5) the beam displacement becomes

dY = t[Y observed - tan[ sin~1 ( ._.....“__..31.“0‘ )]] (B-6)
The true location of the obscrved poj:t is then
Yerue ™ Yobserved 4y ®-7)
101
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A FORTRAN computer program was written to generate a tahle giving
the true locations versus the observed locations. In the program the

constants and variables from 1he above equations were defined as

Yobse: d = X

Yerue =  YTRUE

AY = DY
e = ALFA

L = L

n N

Since the computer car .. calculate Equations (B-2) and (B-6) as written,
they were constructed by parts using such let’ers as AA, AB, etc. The

program and tables are included in the next few pages.
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APPENDIX C

APPLICATION OF COMPUTER PROGRAM 'HOLOFER"

The computer program is an adptation of the inversion first proposed
by C. D. mldonado[ 9, 10, 11} and is designed to invert fringe numbers
across a field to the density field. It can be operated in three dif-
ferent modes as described below:

(a) Mode 1

Mode 1 is utilized as a self-test of the computer program. It
can either generate its own input density field using Subr outine FUNCT
or read in a density field through Subroutine FREAD. The program then
generates the fringe array and inverts the array back to the original
density field. This mode was utilized in the present investigation to
determine the value of the scale factor,ok , required to obtain the
correct density across the fin.

(b) Mode 2

e ar—

This mode reads in irregularly spaced fringe data and generates
the fringe array at regular intervals across the field using Subroutine
SHEET. By specifying NCODE = 1, the fringe array can be generated by one
of the functions in Subroutine FUNCT, Mode 2 was not utilized.

() Mode 3

Mode 3 reads in the fringe data at regularly spaced intervals and
inverts the array to density data across the field. The Subroutine GARRAY
calls Subroutine READ to read in the fringe data. The first two cards

preceeding the fringe data provide the program with the fringe field size,

location, and symmetry.

R st

TP, AR




— S——
]
The folloying parameters were used in con_sidering the symmetric field ;
case:
PARAMETER INPUT
NOF Run Number ]
IMAX 201 1
JMAX 1
ISYM 101
JSYM ' 1
s 2
JMs 100
A 0.387
X0 0.0
Yo 0.0
PHISYM .0.0
{' References [3] and {12] contain further details and applications
of the computer program. A print-out of the program is included in the
: next few pages of this appendix.
: {
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